Background: Echovirus 30 (E-30) is one of the most frequently isolated pathogens in aseptic meningitis worldwide. To gain access to the central nervous system (CNS), E-30 and immune cells have to cross one of the two main barriers of the CNS, the epithelial blood-cerebrospinal fluid barrier (BCSFB) or the endothelial blood-brain barrier (BBB). In an in vitro model of the BCSFB, it has been shown that E-30 can infect human immortalized brain choroid plexus papilloma (HIBCPP) cells. Methods: In this study we investigated the migration of different T cell subpopulations, naive and effector T cells, through HIBCPP cells during E-30 infection. Effects of E-30 infection and the migration process were evaluated via immunofluorescence and flow cytometry analysis, as well as transepithelial resistance and dextran flux measurement.
Background
Echovirus-30 (E-30) is a non-polio enterovirus (NPEV) responsible for extensive outbreaks of aseptic meningitis in children worldwide [1, 2] . E-30 is a positive-sense single-stranded RNA virus with a high mutation rate belonging to the Picornaviridae family [3] . Infections with E-30 result in mild symptoms to lethal outcomes [4, 5] . Patients suffering from severe enterovirus infection frequently require hospitalization, which has a relevant economic impact [6] . Enteroviruses have a broad celltropism and can infect a wide range of cells such as neurons, cardiomyocytes, and epithelial cells [7] .
Clinical studies revealed that enterovirus infection of the central nervous system (CNS) resulted in increased levels of inflammatory cytokines within the cerebrospinal fluid (CSF), such as INF-γ, IL-6, and CXCL12 [8, 9] , accompanied by influx of neutrophils and T cells [4] . At the beginning of NPEV-caused meningitis, an abundant concentration of polymorphonuclear neutrophils (PMN) and T cells were detected in the CSF of patients [10] , especially IFN-γ-producing Th1 cells can be found in the course of disease [11] . Their secretion of high levels of INF-γ enhances the activation of other immune cells such as macrophages and dendritic cells. In the resolving phase of the disease, a switch from Th1 to Th2 producing IL-4, IL-5, and IL-13 cells is observed [12] .
During meningitis caused by E-30 infection, the virus can potentially interact with the two main CNS barriers, the blood-brain barrier (BBB) and the blood-CSF barrier (BCSFB) [13, 14] . The BCSFB is located at the choroid plexus in the ventricles of the brain [15] . It consists of epithelial cells connected by tight and adherens junctions [16] and is responsible for the production and secretion of the majority of the CSF [17, 18] . In a recent review culture models to study leukocyte trafficking though the BCSFB were extensively described [19] . In an in vitro model of the BCSFB based on human immortalized brain choroid plexus papilloma (HIBCPP) cells, it has been shown that HIBCPP cells can be infected with human enterovirus, such as E-30 [20, 21] . The infection can cause a barrier alteration accompanied by a drop of the transepithelial electrical resistance (TEER), thus possibly promoting invasion of pathogens and leukocytes through HIBCPP cell layers. Moreover, it was shown that infection of this BCSFB in vitro model resulted in inflammatory cytokine release such as IL-6 and CCL20, creating a pro-inflammatory environment leading to migration of immune cells, such as neutrophils or T cells, through the choroid plexus epithelium [22, 23] . In contrast, in healthy individuals there is a low but continuous trafficking of immune cells through the blood-brain barriers into the brain [24, 25] .
A differentiated analysis of naive and T effector cell migration across the choroid plexus and additionally in the context of CNS infection has not been performed before. In this study, we compared the migration of naive and effector CD4 + and CD8 + T cells across a human in vitro model of the BCSFB based on HIBCPP cells following E-30 infection. We further identified the migration pathways of T cells crossing HIBCPP cells. Finally, we characterized the T cell phenotype migrating through HIBCPP cells.
Material and methods
Human immortalized brain choroid plexus papilloma cell culture and evaluation of barrier integrity HIBCPP cells were previously characterized [26] and derived from the right lateral ventricle tumor of a 29-yearold Japanese woman who underwent intracranial tumor resection. HIBCPP cells were cultured on cell culture inserts (Millipore, Germany; pore diameter 5.0 μm, pore density 6.0 × 10 5 pores/cm 2 , 0.33 cm 2 ) in the inverted culture model in DMEM/HAM's F12 1:1 medium supplemented with 4 mM L-glutamine, 5 μg/ml insulin, 10% fetal calf serum (FCS) on 24-well plates. When the cells reached a TEER > 70 Ω cm 2 , they were switched to DMEM/HAM's F12 1:1 medium supplemented with 4 mM L-Glutamine, 5 μg/ml insulin, 1% heat-inactivated fetal calf serum (FCS) 1% for 24 h prior to performing the experiment. Barrier integrity was evaluated via the measurement of (TEER) with a tissue voltohmmeter (Millipore, Germany) at 0 h, 24 h, and 28 h [26] . The paracellular permeability was determined as published earlier with Dextran-TexasRed© (Invitrogen, Germany) tracer solution (1000 MW) [20] . In brief, DextranTexasRed© (Ex595/Em615) (1000 MW) tracer solution was added at 24 h post infection to the basolateral side of the HIBCPP cell layer, and the paracellular permeability was evaluated 28 h post infection via fluorescence measurement with a TECAN 200 M Infinite Multiwell reader (Tecan, Männedorf, Switzerland).
Isolation of naive T cells
Blood from healthy donors was processed with Biocoll (Merck, Germany) following the manufacturer's instructions to isolate PBMC. PBMCs were kept in culture for 24 h in RPMI 1640 medium (Merck, Germany) supplemented with 10% FCS at 37°C, 5% CO 2 . Isolation of CD3 + , CD4 + , and CD8 + lymphocytes was performed using Invitrogen Dynabeads© negative isolation kit selection according to the manufacturer's instructions (Thermofischer, USA), and resulted in a purity of 90-95% for the three cell types. Isolated cell were characterized as mainly naive cells by flow cytometry analysis showing high expression of CD62L (L-selectin) and CD45RA, and low expression of CD45RO and CD69. [27] [28] [29] (Additional file 1) at the Institute for Research in Biomedicine (Bellinzona, Switzerland). This cell population is stable and further characterized with intracellular cytokine staining. It revealed, as expected, a high expression of IL-4 and IFNγ (Additional file 2). Th1 effector cells were stimulated with PHA, allogenic irradiated PBMCs, and RPMI medium (Merck, Germany) supplemented with 10% heat-inactivated FCS and IL-2 (500 IU/ml). After 20 days, cells were analyzed for chemokine receptor and intracellular cytokine expression before cells were frozen and kept in liquid nitrogen until further use. After thawing, Th1 cells were further expanded for 21 days in RPMI medium (Merck, Germany) supplemented with 10% FCS and IL-2 (500 IU/ml) in 24-well plates (CytoOne, Hamburg).
Approval was obtained by the Swiss Federal Office of Public Health (authorization no. A000197/2 to F.S.).
Culture of Coxsackievirus B4-specific T cells
We received Coxsackievirus B4 (CVB4)-specific T cells from Dr. Ilonen of the Institute of Biomedicine, University of Turku, Turku, Finland. CVB4-specific T cells were obtained as described previously. In brief, PBMCs were isolated via Ficoll gradient solution and further incubated with CVB4 antigen (10μg/ml) supplemented with 10% human AB serum, gentamicin sulfate (10μg/ ml), HEPES buffer solution, 1 M (20μl/ml), and 3% glutamine in RPMI 1640 medium. Further, CD8 + cells were depleted and only the CD4 + CVB4-specific cells were kept. After 7 days, fresh medium supplemented with IL-2 (20 U/ml) was added. After 14 days in culture, the T cells were restimulated with both CVB4 antigen and irradiated (30 Gy) autologous antigen-presenting cells (2 × 10 6 PBMC/ml) (for further information please refer to [30] ). The CVB4-specific T cells were thawed and cultivated in RPMI 1640 medium (Merck, Germany) supplemented with 10% FCS 2 days before being used for experiments.
Virus preparation
Echovirus 30 (E-30) strain Bastianni (further called E-30 within the manuscript) was kindly provided by the National Reference Center for Poliomyelitis and Enteroviruses (NRC PE), at the RKI (Berlin, Germany) and propagated as published earlier [20] . In brief, E-30 was propagated using confluent RD cells (Rhabdomyosarcoma cells). When a cytopathic effect of 90% was reached, the virus-cell suspension was frozen over night at − 20°C. The suspension was further centrifuged at 4000 rpm 15 min at 4°C. The aliquoted were frozen at − 80°C. The number of viral copies was determined via Quantitative TaqMan real-time PCR analysis [20] .
Infection of the HIBCPP cells with E-30 Bastianni
Once HIBCPP cells grown on cell culture inserts in the inverted cell culture model reached TEER values between 220 and 670 Ω cm 2 , cells were used for experiments. All experiments were performed in migration assay medium (MAM) consisting of RPMI 1640 medium containing 5% FCS supplemented with 2% glutamine and 25 mM HEPES. To the upper compartment of the filter, 400 μl of MAM containing E-30 at a multiplicity of infection (MOI) of 0.7 was added and kept throughout the experiment (28 h). As previously shown the stimulation of HIBCPP with a MOI of 0.7 led to an effective infection and replication ( [21] , Additional file 3). For uninfected controls, only MAM was added to the upper compartment. A schematic representation of the experimental set-up is displayed in Fig. 1 .
Migration assay of T cells and quantification of migrating T cells

CD3
+ , CD8 + , CD4 + , Th1, or CVB4-specific T cells were labeled with cell tracker green (Life Technologies, USA) following the manufacturer's instructions. T cells at a concentration of 4 × 10 5 were added to the upper compartment of the insert facing the basolateral side of HIBCPP cells following 24 h of infection with E-30 at MOI 0.7. To the bottom of the plates (apical cell side), 1000 μl of MAM ± CXCL12 (200 ng/ml; Preprotech, Germany) was added for control conditions, since CXCL12 has been demonstrated to be an important chemokine in the CSF also in the context of neuroinflammation [9] . At the end of the 4 h of migration, the layers of HIBCPP cells were rinsed two times in PBS, fixed in 3.7% formaldehyde and stored for further immunofluorescence. The number of migrated T cells was evaluated microscopically (Zeiss Apotome, Germany) via counting of cells present on the bottom of the well. Ten fields of views were taken randomly in the well with a Zeiss Apotome and Zen software (Carl Zeiss, Germany) using an X10/1.4 objective lens. Quantification of the number of T cells was performed using Image J software.
Immunofluorescence
At the end of the migration assays, HIBCPP cells were rinsed in PBS (Gibco, Thermofischer USA), and fixed in 3.7% formaldehyde for 15 min at room temperature (RT). HIBCPP cells were further washed in PBS, and culture inserts were cut out and permeabilized for 20 min with 1% Triton-X-100 PBS in 1% BSA at RT. Blocking was performed by incubating the cells in 1% BSA/PBS solution for 15 min at RT. As primary antibody monoclonal mouse light diagnostics™ anti-PAN Enterovirus (1:250; Merck, Germany) was used overnight at 4°C. Cells were washed in PBS and incubated with the secondary antibody Alexa Fluor 594 goat anti-mouse, and simultaneously with phalloidin Alexa Fluor 660 (1:250 Molecular Probes, USA) and 4′-6-diamidino-2-phenylindole dihydrochloride (DAPI) (concentration 1:50,000) for 1 h at RT, respectively. Cells were washed in PBS and mounted with antifade reagent (Life Technologies, USA). The quantification of T cells associated with HIBCPP cell layer was performed by counting the number of T cells present in 10 fields of views, which were selected randomly. Images were taken with a Zeiss Apotome and Zen software (Carl Zeiss, Germany) using an X63/1.4 objective lens. For evaluation of the migration pathway of the T cells, z-stacks from cell layers were acquired using Zeiss Apotome and Zen software (Carl Zeiss, Germany) using X63/1.4 objective lens.
Flow cytometry
Flow cytometry analysis was performed on Th1 effector cells, which had either migrated, or not, across HIBCPP cell layers. The non-migrated effector T cells in the upper compartment in uninfected controls or in the E-30-infected condition, as well as the cells within the lower compartment in uninfected condition, were collected separately. Filter compartments of the same condition were pooled together (n = 36, each). Th1 effector T cell single cell selection for the flow cytometry analysis is displayed in Additional file 4. Next, the cells were rinsed twice in 1% PBS/ FCS to be further centrifuged 8 min at 1600 rpm. Th1 effector cells with no contact to HIBCPP cells in uninfected condition (UI) and Th1 effector cells with no contact of HIBCPP cells in infected condition were used as controls. The viability of Th1 effector cells was assessed via fixable viability dye eFluor™ 780 following the manufacturer's instructions (ThermoFisher Scientific, Germany). Th1 effector cells were washed twice with PBS and fixed with 3.7% formaldehyde. Hereafter, Th1 effector cells were washed twice in PBS prior to the staining and incubated with a Human BD Fc Block™ (BD Biosciences, Germany) to avoid unspecific binding during the staining. Further, Th1 effector cells were stained with two different antibody panels (panel 1 or panel 2; see also Table 1 ) following the manufacturer's instructions. After 30 min of incubation at 4°C in the dark, Th1 effector cells were rinsed twice in PBS and kept at 4°C for analysis. Flow cytometry analysis was conducted on the FACS Aria I PMT machine in the Flowcore Institute, Mannheim. Results were processed using Flowjo™ software 7.6.5.
Statistical analysis
Statistical analyses were conducted using SAS Software, release 9.4 (SAS Institute Inc., Cary, NC, USA). ANOVAs for repeated measurements have been performed with the SAS procedure PROC MIXED. The condition (UI, UI + CXCl12, E-30 and E-30 + CXCL12) has been considered a fixed factor whereas the number of experiments has been handled as a random factor. Furthermore, Tukey-Kramer tests have been performed for pairwise comparisons. The figures are represented as mean ± SD. Each of the 4 conditions (UI, UI + CXCL12, E-30 and E-30 + CXCL12) was considered a fixed factor.
Results
Increased migration of Th1 effector cells compared with naive T cells through HIBCPP cells after E-30 infection
Previous studies have shown the capacity of naive CD3 + T cells and PMN to migrate across the in vitro model of HIBCPP cells after E-30 infection [31] . Now, we compared the migration capacity of different subpopulations of naive T cells, (CD3 + , CD4 + , and CD8 + T cells) in presence or absence of the chemokine CXCL12 and/or E-30 infection. When HIBCPP cells grown to confluence on filter inserts they reached a high TEER and then were infected with E-30 at a MOI of 0.7 on their basolateral side (upper part of the filter). The different types of T cells were further added on the basolateral side of the HIBCPP cells following 24 h of infection with E-30. CXCL12, a CSF chemokine, which is upregulated during neuroinflammation and is known to promote leukocyte migration, was added or not to the apical side of HIBCPP cells (Fig. 1 ).
In the presence of apical CXCL12 and after additional E-30 infection all T cell subpopulations displayed significant higher migration rates compared with the uninfected control conditions ( When CXCL12 was present on the apical side of HIBCPP cells, the migration rates of naive T cells were for CD3 + to 1.87 ± 1.60%, for CD4 + to 2.45 ± 1.98%, and for CD8 + to 2.54 ± 1.65% each (p < 0.05) ( Fig. 2a-f ). Moreover, the naive T cells showed a significantly enhanced migration following E-30 infection + CXCL12 compared with the condition without infection (Fig. 2b , d, f). Following E-30 infection naive CD8 + T cells had a significantly higher migration rate of 17.12 ± 12.02% compared with naive CD3 + T cells with 5.89 ± 2.62 (p = 0.0017) and naive CD4 + T cells with 6.04 ± 3.74% (p = 0.0004) in the presence of CXCL12 (Fig. 2g) .
We further analyzed the migration capacity of effector T cells (Th1 and CVB4-specific T cells) in the same experimental setup as described above and compared it to naive T cell migration. We observed that in the absence of E-30 infection and no stimulation with apical CXCL12, nearly no CD3 + , CD4 + , or CD8 + T cells crossed HIBCPP cells (Fig. 2a-f ), whereas 1.53 ± 1.42% of CD4 + Th1 effector cells and 0.75 ± 0.61% of CVB4-specific T cells (both CD4 + T cells) migrated through HIBCPP cells ( Fig. 3a-d) . The migratory potential towards CXCL12 was significantly higher compared with the condition without chemokine: Th1 21.20 ± 16.22% (p < 0.0001), and CVB4-specific T cells 15.47 ± 6.26% (p < 0.0001) (Fig. 3 ). Th1 effector cells had also a tendency to migrate more when HIBCPP cells were infected with E-30 compared with the uninfected control condition (3.37 ± 2.75%) (Fig. 3a-b) . In contrast, E-30 infection of HIBCPP cells had no impact on the migration of CVB4-specific T cells (Fig. 3c-d) . For T cell characterization, flow cytometry was performed for migrated versus non-migrated T cells. The antibodies displayed within the table were used. The following antibodies were grouped as CXCR3-APC, CCR4-PE, CCR6-FITC, CD44-BV510, PSGL-1-BV421, CD62-L-PE-Cy7 for Mix 1 and LFA-1-β1-APC, CCR7-PE, CCR5-FITC, CD49d-PE-Cy7, CD29-BV510, and β7-BV421 for Mix2. For both mixes live/dead-APC-Cy7 was present + CD4 + and CD8 + respectively. g Shows the quantification of naive T cells in E-30 + CXCL12 condition. The data are shown as mean ± SD of 6 independent experiments each performed in triplicate. Statistical significance was calculated using a Tukey-Kramer test. p values are displayed as follows: *p < 0.05 and ***p < 0.0001. p < 0.05 (*) was reached comparing UI to UI + CXCL12; p < 0.0001 (***) was reached comparing UI to E-30 + CXCL12 and comparing CD8 + with CD3 + and CD4 + after E-30 + CXCL12 stimulation; p < 0.0001 (###) was reached comparing UI + CXCL12 to E-30 + CXCL12, and p < 0.0001 ( § § §) was reached comparing E-30 to E-30 + CXCL12. The white scale bar represents 100 μm Statistical significance was calculated using a Tukey-Kramer test. p values are displayed as follows: *p < 0.05 and *** p < 0.0001. *p < 0.05 was reached comparing UI to E-30; p < 0.0001 (***) was reached comparing UI to UI + CXCL12, and UI to E-30 + CXCL12; p < 0.0001 (###) was reached comparing E-30 against E-30 + CXCL12. The white scale bar represents 100 μm Th1 and CVB4-specific T cells adhere to the basolateral side of the HIBCPP cells
The interaction of immune cells with the choroid plexus is not well known. Following the migration process of T cell subpopulations, we performed immunofluorescence imaging analyzing the cell association of T cells with the HIBCPP cell layer. We observed a higher number of effector Th1 cells and CVB4-specific T cells adherent to the basolateral side of HIBCPP cells for every condition when compared with naive CD3 + , CD4 + , and CD8 + T cells (Fig. 4) (Fig. 4f) . In contrast, we observed a significantly lower amount of naive T cells associated with HIBCPP cells compared with T effector cells with less than 2 ± 0.5% of cells in every condition (p > 0.0001) (Fig. 4a, b, c, f ).
Naive and effector T cells have no impact on barrier function of HIBCPP cell layer
A previous study has shown that E-30 infection of HIBCPP cells with a low MOI, such as 0.7, caused alteration of the barrier function without compromising cell viability during the first 28 h of the experiment [31] . Here, we compared the effect of the migration of different T cell subpopulations on HIBCPP barrier function during E-30 infection. We observed a significant decrease in TEER following infection with E-30 at a MOI of 0.7 after 24 h and 28 h (Fig. 5a-f) , whereas the TEER in the uninfected conditions (UI and UI + CXCL12) remained stable throughout the experiment. The decrease in TEER was independent of the presence of naive or effector T cells (Additional file 5, Fig. 5a-f ) but solely dependent on the infection with E-30. Furthermore, we observed that addition of the chemokine CXCL12 on the apical side of HIBCPP cells did not affect the TEER of the cells.
As second parameter of barrier function, the paracellular flux of dextran was evaluated over the 4-h time span of the migration period. We observed a slight, but significant increase in the paracellular flux following infection with E-30 at a MOI of 0.7 (Fig. 6a) , whereas the paracellular flux in the uninfected conditions (UI, UI + CXCL12) remained stable throughout the migration experiment. This effect was also independent of the presence of different T cell subpopulations or CXCL12 (Additional file 6, Fig. 6a-f) . Nevertheless, the paracellular flux of dextran remained less than 1% per hour in every condition, indicating the maintenance of an adequate high barrier property.
Naive and effector T cells use paracellular and transcellular pathway migrating through HIBCPP cells
Previously, it was shown that CD3 + T cells use the paracellular and the transcellular pathway to migrate across the choroid plexus epithelial cells [22, 31] . In this study we performed extensive immunofluorescence analysis of migrating T cell subpopulations through HIBCPP cells. Representative images of Th1 effector cell migration experiments are shown in Fig. 7 . We found Th1 effector cells migrating through a HIBCPP cell body in distance to cellular borders (Fig. 7a) . Additionally, we observed paracellular migration of Th1 effector cells, squeezing between two adjacent HIBCPP cells, i.e., migrating paracellularly between them (Fig. 7b) . All other naive T cell subpopulations and effector T cells were using both the transcellular and paracellular pathway (data not shown).
T cells adapt their morphology during diapedesis through the HIBCPP cell layer
T cells were previously shown to adapt their morphology during the vascular extravasation process [32] . However, T cell morphology and interactions during the migration across the choroid plexus epithelial cells under inflammatory conditions have not yet been investigated. Immunofluorescence imaging revealed that after migration T cells had two distinct phenotypes, which we classified either as "round" or, when a cytoplasmic expansion was present, as "polarized" (Fig. 8a) . At the beginning of the abovementioned experimental setup, the naive T cells have a "round" shape and the effector T cells have a "polarized" shape. Next, we quantified the proportion of "round" versus "polarized" T cells following the migration process. In apical presence of CXCL12 the naive T cells showed a higher proportion of "polarized" T cells (38. ) when compared with the conditions of E-30-infected HIBCPP cell layers (Fig. 8b-d) . Following E-30 infection the vast majority of the migrating naive T cells remained "round," whereas the CXC12 stimulated T cells, which were mainly "polarized" without infection, acquired a round phenotype. Of naive T cells only a minority were "polarized" after migration through an E-30-infected HIBCPP cell layer (2.06 ± 2.03% of CD3 + , 1.51 ± 1.40% of CD4 + , 4.18 ± 3.74% of CD8 + ) (Fig. 8b-d) . The morphology of migrated naive T cells without CXCL12 could not be determined and quantified due to low migration rates.
Investigating Th1 effector cells and CVB4-specific T cells we observed in the uninfected control condition even without CXCL12 a high proportion of "polarized" cells, 60.94 ± 12.78% and 40.78 ± 5.20%, respectively + , CD8 + , Th1, and CVB4-specific T cells are shown. Data are shown as mean ± SD of 6 independent experiments each performed in triplicate. Statistical significance was calculated using a Tukey-Kramer test. p values are displayed as follows: p < 0.0001 (****). p < 0.0001 (****) was reached comparing all the values for each condition from effector T cells and CVB4-specific T cells with the values for each condition from naïve T cells. The white scale bar represents 100 μm (Fig. 8e-f) . Moreover, we found approximately the same proportion of "polarized" cells in presence or absence of CXCL12 (Fig. 8e-f) . In contrast, after migrating across E-30-infected HIBCPP cells, the majority of the effector T cells were found to have a "round" shape, independent from the presence (94.65 ± 2.18% of Th1 and 89.24.78 ± 11.08% of CVB4-specific T cells) or absence (94.08 ± 5.38% of Th1 and 92.86 ± 1.3% of CVB4-specific T cells) of CXCL12.
Changes of cell surface expression of adhesion molecules and chemokine receptors after migration of Th1 effector cells through HIBCPP cells
Finally, we investigated the expression of adhesion molecules and chemokine receptors present on Th1 effector cells after the migration process in presence or in absence of E-30 infection by flow cytometry analysis. Additionally, non-migrated Th1 cells were analyzed under the same conditions. Importantly, the majority (95.18 ± 1.66%) of the Th1 effector cells were alive after migrating across the HIBCPP cell monolayer even in presence of E-30 infection (Additional file 7).
After crossing HIBCPP cells two Th1 cell populations were observed. One population displayed a high coexpression of LFA-1/CD49d, whereas the other presented a significantly lower co-expression of LFA-1/ CD49d, independently of the presence of E-30 (Fig. 9) . The same phenomenon was observed for the coexpression of PSGL-1/CD44 (PSGL; P-selectin glycoprotein ligand-1) (Fig. 10) . Furthermore, we analyzed the expression levels of several other of adhesion molecules and chemokine receptors on Th1 effector cells, but identified no significant regulation (β7-integrin, CD62L, CD29, CXCR3, CCR4, CCR6, CCR7) (data not shown).
Discussion
Echovirus 30 is one of the main NPEV causing extensive outbreaks of meningitis every year worldwide [2, 33] . Clinical studies revealed the presence of high concentrations of T cells and inflammatory cytokines in the CSF of patients with enterovirus infection [8, 11] . Several publications have described the BCSFB as an entry gate for enterovirus into the brain [5] . Previously, a human in vitro model of the BCSFB based on HIBCPP cells has been developed, which allowed us to study migration of immune cells across the BCSFB [20] . To our knowledge this is the first study that investigated the migration of We observed that E-30 infection enhances the migration of CD3 + , CD4 + , and CD8 + naive T cells across the BCSFB, especially once CXCL12 is apically present. These findings suggest that naive T cells can be highly active in crossing HIBCPP cell layer if they receive activating signals from the environment [34] . Interestingly, when further looking into the subpopulations of naive T cells, we discovered that naive CD8 + T cells showed a significantly higher migration rate following E-30 infection, when compared with the other naive T cells. This may be explained by the primary role of CD8 + T cells in the clearance of viral infection [35] . The CD8 + population has also been shown to constrain and avoid spreading of an infection in the brain [36, 37] .
Especially Th1 effector cells were able to effectively cross HIBCPP cells, even in the absence of viral infection. We could demonstrate an enhanced migration of Th1 effector cells across the BCSFB upon infection of HIBCPP cells with E-30 compared with naive cells.
Migration of CVB4-specific T cells instead could not further be enhanced by E-30 infection. Thus, we speculate that previous priming of these cells with enterovirus may have prevented an additional stimulatory effect. As for naive T cells we observed the migration of Th1 effector cells was very high in the presence of apical CXCL12, suggesting that these effector cells as naive T cells can also migrate more efficiently if they receive an additional strong activating signal. These data support further the major role of the inflammatory environment in the brain to promote the migration process of T cells into the CNS. In fact, CXCL12 was shown to be upregulated in the CSF of patients with multiple sclerosis or neurological disease, and this was correlated with an increased migration of B cells and T cells into the CNS [38] .
Many publications have shown that inflammatory chemokines in the brain were leading to increased migration of immune cells within the brain parenchyma [39, 40] . In one previous publication the secretion of CCL20 by HIBCPP cells following E-30 infection has been [31] . Presence of CCL20 in the CSF correlated in vivo with the preferential migration of CD4 + T cells expressing high levels of CCR6 into the CNS such as Th1 T cells through the choroid plexus in mice [41] . In a mice model of experimental autoimmune encephalomyelitis (EAE) symptoms were exacerbated due to BCSFB-mediated upregulation of Irgm1, a GTPase protein, increasing the disruption of the BCSFB leading to the infiltration of lymphocytes across the choroid plexus [42] . Moreover, immune cells were shown to enter the brain parenchyma via the BCSFB in a mouse model of ischemic stroke [43] .
In our study we further observed in our experimental setup that T cells strongly adhered at the basolateral side of HIBCPP cells without completing transmigration, and this was observed under all stimulatory conditions. To further migrate these immune cells may need to receive specific signals from the environment, which are yet to be identified. This highlights the great interaction potential of effector T cells (both CVB4 and Th1) associating with the BCSFB. In fact, the BCSFB is an important immunological compartment within the CNS orchestrating signals from both, the CNS to the periphery and vice versa [44] . In vivo studies in mice have revealed the choroid plexus as a reservoir for T cells allowing a fast entry into the CNS to rapidly respond to any sign of neuroinflammation, indicating also an extensive communication function of the choroid plexus with the immune cells [34, 45] .
Analyzing HIBCPP barrier function after T cell migration we found a decreased TEER after 24 h and 28 h of E-30 infection independently of the presence of naive and effector T cells. Previously, it was shown that E-30 infection of HIBCPP cells affects barrier function via modulation of tight and adherens junctions [17] . The presence of CXCL12, a pro-inflammatory chemokine, had no impact on the properties of the HIBCPP cells. In contrast, loss of cell polarity through CXCL12 has been demonstrated at the BBB. This was shown to lead to leukocyte migration and neuroinflammation (reviewed in [46] ).
Next, we investigated the migratory pathways of naive and effector T cells across HIBCPP cells. As previously shown, we could detect both the para-and the transcellular pathway for CD3 + naive T cells [31] . Interestingly, also CD4 + , CD8 + , and effector T cells were performing migration using both pathways. However, we could not identify a preferentially used pathway for the naive or effector T cells, since quantification of migrated cells in Fig. 8 Shape of T cells differs after the migration process depending on the stimulation condition. The shape of the T cells after the migration process from all the T cells subtypes CD3 + , CD4 + , CD8 + , Th1 effector, and CVB4-specific T cells was determined in the following conditions: UI, UI + CXCL12, E-30, E-30 + CXCL12. T cells were labeled in green. The shape of migrated naïve T cells without CXCL12 could not be determined due to low migration rates in uninfected conditions. a Immunofluorescence microscopy pictures show "round" (first line) and "polarized" shape of T cells observed 4 h after migration across HIBCPP cells. Quantification of CD3 + (b), CD4 + (c), CD8 + (d), Th1 (e), or CVB4-specific T cells (f) with a "round" versus "polarized" shape after the migration process. The data are shown as mean ± SD of 6 independent experiments each performed in triplicate. Statistical significance was calculated using a Tukey-Kramer test. p values are displayed as follows: p < 0.05 (*), p < 0.0001 (***), p < 0.05 (#), p < 0.0001 (###). p < 0.0001 (***) were reached comparing UI + CXCL12 to E-30 for all the T cell subsets. p < 0.0001 (***) was also reached comparing UI + CXCL12 to E-30 + CXCL12 for CD8 + , Th1 and CVB4-specific T cells. p < 0.05 (*) were reached comparing UI + CXCL12 to E-30 + CXCL12 for CD3 + and CD4 + . p < 0.05 (#) was reached comparing E-30 against E-30 + CXCL12 for CD8 + . p < 0.0001 (###) was reached comparing UI and UI + CXCL12 against E-30 and against E-30 + CXCL12, respectively, for Th1 and CVB4-specific T cells our experimental setup was not possible. Quantification was demonstrated to be feasible in specific cell lines or animals with e.g. GFP labeled tight or adherens junctions as published by others. In mice EAE experiments for example, it was shown that effector T cells were using different pathways depending on the stimulatory environment, such as the level of ICAM adhesion molecules present at the BBB [47] . In previous experiments of our group, PMN were preferentially using the transcellular pathway to migrate through infected primary porcine choroid plexus epithelial cells (PCPEC) infected with S. suis rather than the paracellular pathway [48] . Also in an in vitro model of the BBB the same observation was made, where PMN preferentially also used the transcellular pathway to migrate through the barrier [49] . Another in vitro study using rat choroid plexus epithelium inverted cell culture model indicated that T cells predominantly used the paracellular pathway through the BSCFB under inflammatory conditions [50] . Further investigations in different experimental models could be of help to determine the preferential pathway used by the T cells to migrate through the BCSFB.
We further characterized the phenotype of T cells after the migration process and found two distinct shapes, "round" and "polarized." CXCL12 stimulation induced polarization of naive T cells, whereas a "round" phenotype could be induced by E-30 infection, even in presence of the chemokine CXCL12. In the context of HSV-1 infection it was shown that polarization with the formation of pseudopods in activated T cells was correlated with the enhanced entry of HSV-1, leading to increased production of viral particles within these cells [51] . Still, our data on T cell phenotype are preliminary and future studies on a molecular level should confirm the data in more detail.
Expressions of adhesion molecules and chemokine receptors at the surface of migrating leukocytes are also important factors characterizing the T cell phenotype. In the context of neuroinflammation at the BBB, extensive knowledge exists on the importance of several adhesion molecules for T cell migration, whereas little is known at the BCSFB [52] . To decipher the specific effects of the enteroviral infection, we focused on experiments without CXCL12, since the latter may have potential strong alterations on several integrins. Our investigations showed for the first time in a BCSF barrier model that after migration a high percentage of Th1 effector T cells downregulate PSGL-1 at the surface compared with nonmigrated Th1 effector T cells. Previous publications have presented PSGL-1 as an adhesion molecule that mediates especially the step of T cell rolling in T cell migration, both across the BBB [52] and in the gut [53] . Also, a decreased level of PSGL-1 for activated T cells has been found to be a marker for homing and longlasting survival [54] .
We further demonstrated that LFA-1, which is a key player in the crawling step [47, 55] , was downregulated after migration of effector Th1 cells compared with nonmigrated cells. Along these lines, it has been shown that the levels of ICAM-1 and ICAM-2, both ligands for LFA-1, could influence the migratory pathway of the effector T cells across the BBB [47] . Furthermore, in our experiments the level of CD44 expression at the surface of Th1 effector cells declined after migration compared with non-migrated Th1. CD44 was shown to be involved in selective extravasation of T cells during EAE in mice [56] . Also, CD44 is a selectin ligand and plays a major role in the tethering and rolling process [57] . It was demonstrated that CD44 plays a role in selective extravasation of T cells during EAE in mice [56] , but also that deletion of CD44 attenuates the symptom of EAE [58] . The observed decrease of CD44 expression following the migration across HIBCPP cells could thus be an additional contributing factor in our model.
Lastly, a reduced level of CD49d was observed on the surface of migrated Th1 cells across HIBCPP cells compared with non-migrated T cells. CD49d, also named alpha-4, builds a complex with beta-1, which is called VLA-4 and is responsible for the capture of T cells on endothelium [59] . The development of a VLA-4 antagonist and usage in patients with multiple sclerosis and inflammatory bowel disease by the inhibition of T cell migration across the endothelium has led to clinical improvement (reviewed in [60] ).
Recently, new HLA and killer cell immunoglobulinlike receptors (KIRs) have been identified may also play a role in the immune cell migration and the susceptibility to develop viral meningitis/encephalitis [61] . In addition to natural killer cells, KIR is expressed by a small subpopulation of T cells. Summarizing these findings, we found important cell adhesion molecules on Th1 effector cells, which were altered during the migration process through a BCSFB in vitro model, similar to observations at the BBB.
A potential limitation of our study is that it was solely performed in in vitro experiments. However, we could proof in several previous publications of our own group that our HIBCPP model can elegantly be used to study the pathogenesis of enteroviral meningitis [20, 21, 31] . Although some mouse studies on the neurovirulence of enteroviruses such as Coxsackie virus B [62] or Enterovirus 71 [63, 64] exist, no validated in vivo model for Echovirus 30, the most frequently isolated pathogen in enteroviral meningitis worldwide, exists so far.
Importantly, mouse models for enterovirus infection for example have been discussed to have several limitations such as the requirement for substantial virus adaptation, and immunodeficient or receptor-transgenic mouse strains. Moreover, mouse models do not closely mimic human disease [65] .
Therefore, we believe that our new findings can significantly contribute to the understanding of the pathogenesis of enteroviral meningitis. Especially the role of different T cell subpopulations in the pathogenesis of enteroviral CNS infections has never been addressed before and extensively studied in this work.
Conclusion
Taken together, our results have shown that effector T cells compared with naive T cells have a higher capability to migrate through HIBCPP cells. Following enterovirus infection, and in the absence of apical CXCL12, the migration of Th1 effector cells was significantly enhanced. Moreover, effector T cells remain adherent to HIBCPP to a large extent potentially contributing to immunosurveillance. E-30 infection increased the migration CD8 + T cells, indicating at their specific role during viral CNS infection. Further immunofluorescence analysis revealed that all T cell subpopulations were capable to migrate through HIBCPP, using the paracellular as well as transcellular pathway, pointing to a similar migrating pattern for all T cell subpopulations. In the course of migration T cell subpopulations were adapting their phenotype depending on the stimulation environment. We especially observed an alteration of T cell morphology in presence of E-30 infection, which may have consequence on precise T cell phenotype and T cell function but needs further investigation on a molecular level. Moreover, our results suggest that Th1 effector cells use specific adherence molecules during diapedesis through the BCSFB, which are known to be involved during the migration through the BBB, such as PSGL-1, LFA-1, CD44, and CD49d. Further experimental studies are needed to underline these findings. Additional file 3. Quantification of the viral copies of E-30/filter at 24 h post-infection. At T = 0 h and T = 24 h the HIBCPP cells were rinsed in PBS and further lysed in PBS 5% Triton. The suspension was further centrifuged at 4000 rpm for 15 min at 4°C. The aliquoted were frozen at − 80°C. The number of viral copies was determined via Quantitative TaqMan real-time PCR analysis as described in this paper [20] . Representative data of three independent experiments are shown.
Supplementary information
Additional file 4. Th1 effector T cell single cell selection for the flow cytometry analysis. First, the population of T effector cells was selected using the SSC-A and FSC-A parameter (A). second single cells were selected using FSC-A FSC-W parameter (B) and lastly another single cell selection was performed using SSC-A, SSC-W parameter (C). Representative data of four independent experiments are shown. 
